Background Treatment of hepatitis C virus (HCV) with direct-acting antiviral (DAA) regimens has resulted in high rates of sustained virologic response (SVR). Treatment of vulnerable populations may be improved by incorporating an on-site intensive specialty pharmacy (ON-ISP). Aims To describe outcomes of HCV treatment at a safety-net hospital and proportion of subjects achieving SVR for those using the ON-ISP compared to an off-site pharmacy (OFF-SP). Methods A retrospective cohort study of 219 subjects treated for HCV with DAA at Boston Medical Center was conducted. Subject characteristics, virologic response, and pharmacy services used were recorded. We used multivariable logistic regression to test the association between ON-ISP and SVR after adjusting for covariates. Results SVR occurred in 71% of subjects by intention-to-treat (73% among ON-ISP users vs 57% among OFF-SP users) and 95% completing treatment per-protocol (96% among ON-ISP users vs 87% among OFF-SP users). Adjustment for age, sex, ethnicity, insurance, fibrosis, prior treatment, and MELD revealed an increased likelihood of SVR among users of ON-ISP: OR 6.0 (95% CI 1.18-31.0). No significant difference in treatment delay or adverse events was seen among users of either pharmacy type. Conclusions HCV treatment with DAA was well tolerated, but the rate of SVR was low (71%) compared to trials. This was due to loss to follow-up, as the per-protocol rate of SVR was much higher (95%). Use of ON-ISP was associated with an increase in SVR and may be valuable for improving care for vulnerable populations.
Introduction
Over the last several years, hepatitis C virus (HCV) treatment has shifted to better-tolerated interferon-free, directacting antiviral (DAA) regimens. Such regimens have demonstrated greater than 95% sustained virologic response (SVR) rates in clinical trials [1] . The success of DAA therapy has led to the widespread use in various patient populations. Recent studies demonstrate the effectiveness of DAA regimens against multiple HCV genotypes with most achieving SVR at a rate similar to that observed in prior clinical trials [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Whereas extensive data exist regarding the real-world effectiveness of DAA treatments [13] [14] [15] [16] [17] , less is known about the effectiveness among more vulnerable populations including minority groups and patients of lower socioeconomic status [18] .
Prior studies examining interferon-based treatments for chronic HCV demonstrated a decreased rate of SVR in black and Hispanic patients compared to non-Hispanic whites, partially due to issues with non-adherence and early discontinuation of treatment [12, [19] [20] [21] . DAA regimens offer simpler and shorter treatment schedules with minimal side effects which should improve treatment adherence and decrease early discontinuation [22] . However, numerous barriers, including low socioeconomic status, low health literacy and education, and substance use disorders continue to impact adherence and achievement of optimal treatment outcomes in vulnerable populations.
The use of multidisciplinary healthcare teams in the treatment of HCV allows for close clinical monitoring and ongoing evaluation to ensure compliance [23] . These healthcare teams include specialty pharmacies that provide targeted programs and services, including counseling for appropriate medication administration, education in managing adverse side effects, and coordination of insurance benefits. These services minimize delays in initiation of treatment and may improve HCV treatment outcomes [23] . In prior studies, use of specialty pharmacies improved adherence to both two and three drug regimens; however, little is known about the impact of specialty pharmacy use on SVR rate with DAA regimens [23, 24] .
Thus, we aimed to examine the association between use of an on-site intensive specialty pharmacy program (ON-ISP) and SVR rate for a real-world cohort of HCV-infected patients at an urban safety-net hospital with a diverse patient population including many patients of minority background and lower socioeconomic status. The primary outcome of interest was the rate of SVR in patients enrolling in ON-ISP versus off-site specialty pharmacy care (OFF-ISP). We hypothesized that subjects who utilized the ON-ISP would have a higher rate of SVR compared to those who participated in the OFF-ISP after adjusting for potential confounding variables. Secondary outcomes of interest included comparisons across the two groups of the interval between prescription and initiation of treatment (i.e., "time to treatment"), the rate of adverse events, the need for dose reductions or early termination of treatment, and treatment adherence.
Methods

Study Sample
This was an observational, intent-to-treat cohort analysis of HCV-infected patients receiving treatment with DAA at Boston Medical Center, Boston, MA. Data for this study were obtained from our prescription database for HCV and included all subjects given prescriptions for HCV treatment. Additional data were abstracted from the medical record, including subject demographics, laboratory values, pharmacy information, and clinical history by two co-investigators (AT, RS).
Eligible subjects included all adults 18 years of age or older infected with HCV and treated with DAA regimens with or without ribavirin and with a recommended duration from 8 to 24 weeks between August 2014 and September 2015. Liver transplant recipients or those enrolled in clinical trials for HCV therapy were excluded. DAA were prescribed by four board-certified gastroenterologists and two non-physician providers. The regimen prescribed, timing of follow-up visits, and laboratory testing were at the discretion of the treating provider(s) as all treatments were administered in routine practice. This study protocol was reviewed and approved by the Boston Medical Center Institutional Review Board.
Pharmacy Program
All subjects received medications from a specialty pharmacy supplier. The pharmacy programs were defined as ON-ISP or OFF-SP. All subjects received care from an ambulatory care clinical pharmacy specialist (TZ) and certified pharmacy technician or liaison (ML). This care included assistance with insurance approval paperwork from the liaison, review of all anti-HCV orders for appropriateness, discussion with outside providers for adjustment of medications with drug-drug interactions, medication reconciliation, and HCV treatment education from the pharmacist.
Prior to beginning treatment, all subjects were explained the HCV visit schedule and treatment protocol by the prescribing provider. At a minimum, all subjects were seen for a pre-treatment visit, an end-of-treatment visit, and a 12-week post-treatment visit by the prescribing provider. Regular telephone and clinic follow-up visits were also scheduled with the pharmacist approximately once monthly. These visits included routine laboratory studies and assessment of any potential adverse medication reactions and adherence.
When permitted by the insurance provider, subjects were offered use of the ON-ISP. Nearly, all subjects (184/185) elected to use the ON-ISP when offered. The additional ON-ISP services included prescription refill monitoring, direct communication with other medical providers in the clinic to discuss any potential medication issues, and the choice to pick-up medications in the clinic or have them delivered to a subject's home directly. The remainder of the subjects were required to utilize an OFF-SP by their insurance carriers, which did not provide these added services.
Covariates and Baseline Measurements
Subject demographics and other historical information were identified at the time of treatment initiation (Table 1) , including age, sex, race, liver fibrosis stage (F0-F4), MELD score, and history of prior treatment for HCV infection with interferon, ribavirin, and DAA therapy. The presence of cirrhosis was determined by histology, imaging, or elastography within 4 weeks of starting treatment. A total of 18.7% (41/219) of subjects had a liver biopsy. Decompensated liver disease was defined as any history of variceal hemorrhage, ascites, or hepatic encephalopathy. Laboratory values recorded (alanine aminotransferase, aspartate aminotransferase, creatinine, albumin, platelets, and HCV RNA) were the most recent values within three months preceding the start of treatment. Stage of hepatic fibrosis was defined using vibration-controlled transient elastography (Fibroscan©, Echosens, Paris, France) according to published fibrosis stage liver stiffness thresholds [25] or via liver biopsy.
Treatment Outcome
The primary study outcome was the prevalence of SVR in the two groups (ON-ISP vs OFF-SP). SVR was defined as an undetectable HCV RNA on all tests after the end of treatment including at least one test 12 weeks or longer after the end of treatment. Subjects were considered not to have achieved SVR if HCV RNA was detectable on or after treatment, if treatment was not completed due to non-adherence or adverse effects and HCV RNA was detectable, or if the 
Treatment Adherence and Adverse Events
For the ON-ISP group, treatment adherence and adverse events were routinely assessed and documented during phone or clinic visits with pharmacy staff. This included subject self-report and pharmacy refill monitoring, as clinically indicated during treatment. Treatment adherence and adverse events among subjects using OFF-SP were assessed by review of any available telephone encounters, visit notes, fulfillment of on-treatment laboratories, or end-of-treatment visit notes.
Statistical Analysis
Medians and proportions were used to describe the study sample and treatment outcomes. Multivariable logistic regression models were used to assess association of specialty pharmacy type (ON-ISP vs OFF-SP) with SVR after adjusting for age, sex, race, prior HCV treatment, fibrosis stage, and MELD score. In a sensitivity analysis, we considered previously excluded subjects with an undetectable HCV RNA at the end of treatment who did not return for repeat HCV RNA testing 12 weeks or more after the end-oftreatment visit as having achieved an SVR, and we repeated the multivariable model. Univariate comparisons using Fisher's exact test or the Mann-Whitney U-test were used for categorical variables and continuous variables, respectively. Data were analyzed using SAS software (Version 9.3, SAS Institute Inc., Cary, NC); all significance testing was two-sided based on α = 0.05.
Results
Study Sample Characteristics
A total of 219 subjects with HCV were treated with DAA within the study period ( Table 1 ). The majority of subjects in the cohort were non-white (66%) and a minority of subjects had private insurance (31%), while the remainder had various combinations of Medicare and Medicaid-sponsored coverage. Subjects were predominantly infected with genotype 1 HCV (92%) and treatment-naïve (67%). Treatmentexperienced subjects had previously received regimens including interferon, ribavirin, boceprevir, or telaprevir. Approximately half had cirrhosis with a median MELD score of 7 (IQR 6-8), and 30% of cirrhotic subjects had some form of decompensation. Most subjects were treated with ledipasvir/sofosbuvir (90%) with only a small minority of any treatment regimens requiring ribavirin (19%). Most subjects utilized the ON-ISP (84%), with the remainder (16%) using OFF-SP (p < 0.0001).
Use of ON-ISP was higher among Hispanic subjects than among non-Hispanic whites (p = 0.03), those with publicly funded compared to private insurance (p < 0.0001), and those with no prior HCV treatment experience (p = 0.05). No statistical difference between groups (ON-ISP vs OFF-SP) was observed in the prevalence of cirrhosis, decompensated cirrhosis, use of proton-pump inhibitors (PPI), HMGCoA reductase inhibitors, opioids, or regimens containing ribavirin.
Completion of Planned Visits
A total of 164 subjects completed the study protocol including the SVR 12-week post-treatment visit whereas 55 subjects did not complete all planned visits (Fig. 1) . Of the 55 subjects that did not complete all planned visits, 37 subjects completed treatment and had undetectable HCV RNA at the end-of-treatment visit but did not return for the 12-week post-treatment visit or have measurement of HCV RNA after completing therapy and were considered lost to follow-up. All of these subjects remained engaged with care in the safety-net hospital system. Study characteristics for those lost to follow-up compared to those not lost to follow-up are shown in Table 2 . Overall 8/37 subjects (21.6%) in the lost to follow-up group used the OFF-SP, whereas 27/182 subjects (14.8%) in the non-lost to follow-up group used the OFF-SP; however, this difference was not statistically significant. Eighteen subjects did not complete treatment for a variety of reasons as summarized in the Fig. 1 .
Achievement of SVR
Overall, SVR was achieved and documented in 71% (155/219) of the entire study population based on intentionto-treat. The rate of SVR was 73% (135/184) among ON-ISP users and 57% (20/35) of OFF-SP users. Upon expanding the definition of responders to include the 37 subjects with undetectable HCV RNA at the end of treatment but were lost to follow-up prior to documentation of true 12-week SVR, the percentage of responders increased to 88% (192/219). Among the subjects completing treatment and returning for post-treatment follow-up per-protocol, 95% (155/164) achieved SVR (Fig. 1) 
Time to Treatment
No difference was observed between the median number of days between prescription of DAA and initiation of treatment in the ON-ISP group compared to the OFF-SP group (31 vs 35 days). There was significant variability in time to treatment in both groups ranging from 2 to 408 days.
Adverse Events
There were no between-group differences in the overall incidence of adverse events reported (52%) or in the overall incidence of complications attributed to adverse events (3.7%). These were generally mild in severity; only 5 subjects discontinued treatment due to an adverse event. The most common adverse events were fatigue (40.2%) and headache (23.7%). Severe adverse events were infrequent and included renal failure (1 subject), decompensated cirrhosis (1.9% of subjects with cirrhosis), and anemia (3.2%). The only observed death during the study period occurred in the subject with acute renal failure. This occurred after completion of treatment and SVR, in the setting of sepsis, and was felt to be unrelated to treatment. Most adverse events did not require intervention. Observed responses to adverse events included emergency department visits (0.9%), hospital admissions (1.8%), or dose reductions (2.3%). Use of ON-ISP was not associated with the incidence of adverse effects or discontinuation of treatment compared to use of the OFF-SP.
Treatment Adherence
Treatment adherence rates were high in users of both pharmacy types: 92% of subjects using the ON-ISP reported adherence to treatment, as did 87% of those using OFF-SP (Table 3) . Of the 18 subjects who did not complete therapy, five discontinued therapy because of adverse side effects including depression, severe headache, gastrointestinal distress, generalized fatigue, and renal failure secondary to HCV-associated fibrillary glomerulonephritis. The remaining 13 subjects did not complete therapy for a variety of reasons as discussed in the Fig. 1 . 
Discussion
In this retrospective analysis of DAA-based treatment for HCV at an urban safety-net hospital, our findings were threefold. First, the observed rate of SVR was 71% (155/219) based on intention-to-treat. Among those who completed treatment and had follow-up laboratory testing per-protocol, 95% (155/164) had SVR. Second, after adjustment for potential confounding variables, the rate of SVR was higher among subjects using the ON-ISP compared to the OFF-SP. Third, treatment was generally well tolerated in both groups of subjects. Although adverse events were common (52%), most were minor, with only 9/219 subjects requiring any change in management due to an adverse event.
The present study demonstrates the effectiveness of HCV treatment in an urban, safety-net hospital population. This cohort achieved SVR at a lower rate (71%) than that previously reported in clinical trials of DAA-based treatment for chronic HCV infection. The higher rate of SVR (95%) observed among subjects who completed treatment and returned for follow-up laboratory testing is more comparable to that reported in the setting of clinical trials, likely in less diverse, more affluent populations with more clinical resources available [3] . This may suggest that the reduced overall rate of SVR observed is attributable to difficulties in clinical implementation, rather than biological differences. Indeed, most of the subjects who did not achieve SVR were lost to follow-up after completing therapy and achieving a non-detectable HCV viral load at the end of treatment, so most, if not all, of these subjects likely did achieve SVR. A recent study in a safetynet population demonstrated high rates of treatment success that was comparable to those in resource-rich settings using a multidisciplinary care model that relied heavily on pharmacy assistance [18] . Additionally, another study compared rates of SVR in patients treated with interferonbased regimens who used a specialty pharmacy program versus standard retail pharmacy. Although no difference in the rate of SVR was found between users of a specialty pharmacy program and a standard retail pharmacy, nonwhite subjects receiving specialty pharmacy care did have an increased rate of SVR compared to white subjects [26] . This is consistent with our experience caring for a largely non-white patient population. Compared to prior, interferon-based regimens, there may also be a greater potential benefit of intensive pharmacy care in DAA regimens where there is a more vital need for daily adherence [27] .
Our model of intensive specialty pharmacy care is a patient-centered approach with frequent contact, education, and reminders which may improve adherence. The intensive specialty pharmacy program fosters collaboration between prescribers, clinical pharmacists, and pharmacy liaisons to quickly assess the severity and relevance of potential adverse events. Given the high observed frequency of symptomatic adverse events, rapid review by pharmacists and coordination with prescribers may lead to interventions such as patient reassurance, dose reductions, or changes in other medications, as alternatives to early treatment discontinuation or patient non-adherence. This may be especially true in underserved populations with the lower health literacy [23, 28] . Despite these efforts and the use of relatively well-tolerated and short-duration DAA regimens, we observed a high rate of loss to followup or self-discontinuation of therapy (21%). This suggests there is room for improvement in the delivery of care and perhaps in the selection of patients for treatment with these costly medications, particularly with the potential risk of resistance if treatment is not complete. Also, individual insurance plans did not all cover the ON-ISP, so this type of program may not be available to all individuals. Additional work is needed to understand how an ON-ISP can be best integrated into the multidisciplinary care of patients with HCV.
The primary strength of this study is the inclusion of all patients receiving DAA treatment for HCV at our center, a racially and socioeconomically diverse population that reflects that of many safety-net medical centers. By studying all patients treated in routine clinical practice, our findings may be more generalizable than those of clinical trials. We studied patients with all stages of liver disease, from minimal fibrosis to decompensated cirrhosis to provide results applicable to a broad spectrum of patients.
The current study has several limitations. It was a retrospective analysis based on the medical record, with medication adherence self-reported, and pharmacy dispensing records accessed for confirmation only when there was a concern for non-compliance, which may lead to an overestimation of adherence. Because a relatively small number of subjects used the OFF-SP, we had limited power to detect a difference compared to the ON-ISP group and we observed limited precision of our estimate of the true effect of the ON-ISP. Benefits of the ON-ISP may have included closer monitoring, experienced staff accustomed to working with patients with lower health literacy, availability of mailing prescriptions, and subject comfort with using a familiar pharmacy, all of which may have improved adherence to treatment and, therefore, achieving SVR. It was beyond the scope of our study to determine what specific intervention used by the on-site intensive pharmacy program may have been most beneficial to patients. Future efforts should include larger, prospective study of intensive multidisciplinary models in the treatment of HCV-infected patients. Qualitative studies are also needed to understand more about the factors that may be most beneficial to patients. This study is one of the first to demonstrate the practical effectiveness of DAA regimens in a diverse, urban patient population where HCV is prevalent. SVR was achieved in 95% of subjects completing treatment of HCV with DAA regimens and returning for follow-up testing and in 71% of all subjects enrolled. The observed rate of SVR based on intention-to-treat is lower than that reported in clinical trials, reflecting the difficulties of implementation in a vulnerable patient population. The use of an on-site, intensive specialty pharmacy was associated with a significant increase in the rate of SVR after adjustment for potentially confounding subject characteristics. Clinical pharmacists with advanced training in HCV management can provide extensive patient education, support patient adherence, and enhance continuity of care. Use of an on-site, intensive specialty pharmacy program may be a relatively simple method to improve the rate of SVR, which is particularly important given the high clinical cost of HCV treatment failure and high financial cost of the treatment itself.
